The correlation consistent composite approach (ccCA), using the S4 complete basis set two-point extrapolation scheme (ccCA-S4), has been modified to incorporate the left-eigenstate completely renormalized coupled cluster method, including singles, doubles, and non-iterative triples (CR-CC(2,3)) as the highest level component. The new ccCA-CC(2,3) method predicts thermodynamic properties with an accuracy that is similar to that of the original ccCA-S4 method. At the same time, the inclusion of the single-reference CR-CC(2,3) approach provides a ccCA scheme that can correctly treat reaction pathways that contain certain classes of multi-reference species such as diradicals, which would normally need to be treated by more computationally demanding multi-reference methods. The new ccCA-CC(2,3) method produces a mean absolute deviation of 1.7 kcal/mol for predicted heats of formation at 298 K, based on calibration with the G2/97 set of 148 molecules, which is comparable to that of 1.0 kcal/mol obtained using the ccCA-S4 method, while significantly improving the performance of the ccCA-S4 approach in calculations involving more demanding radical and diradical species. Both the ccCA-CC(2,3) and ccCA-S4 composite methods are used to characterize the conrotatory and disrotatory isomerization pathways of bicyclo[1.1.0]butane to trans-1,3-butadiene, for which conventional coupled cluster methods, such as the CCSD(T) approach used in the ccCA-S4 model and, in consequence, the ccCA-S4 method itself might fail by incorrectly placing the disrotatory pathway below the conrotatory one. The ccCA-CC(2,3) scheme provides correct pathway ordering while providing an accurate description of the activation and reaction energies characterizing the lowest-energy conrotatory pathway. The ccCA-CC(2,3) method is thus a viable method for the analyses of reaction mechanisms that have significant multi-reference character, and presents a generally less computationally intensive alternative to true multi-reference methods, with computer costs and ease of use that are similar to those that characterize the more established, CCSD(T)-based, ccCA-S4 methodology.
I. INTRODUCTION
Composite electronic structure methods employ several levels of theory in a single series of calculations to predict equilibrium properties of molecules, and they are frequently used to provide thermodynamic properties within chemical accuracy (±1.0 kcal/mol) at a modest computational cost. Composite methods can achieve a relatively low computational cost by taking advantage of the near additivity of improvements in the level of theory and of the atomic basis set. [1] [2] [3] Among the composite methods that take advantage of this additivity are the Gaussian (Gn) methods (G1, G2, G3, G4, G3(MP2), and G4(MP2)), [4] [5] [6] [7] the Weizmann (Wn) methods (W1, W2, W3, W4), [8] [9] [10] the Bond Additivity Correction (BAC) methods (BAC-G2, G3B3, G3MP2B3), 11, 12 the complete basis set (CBS) method developed by Petersson and co-workers, [13] [14] [15] [16] [17] the ab initio thermochemical method by a) Author to whom correspondence should be addressed. Electronic mail: mark@si.msg.chem.iastate.edu.
Stanton and co-workers, [18] [19] [20] the Feller-Peterson-Dixon (FPD) composite method, [21] [22] [23] [24] [25] [26] the multicoefficient correlation method by Truhlar and co-workers, [27] [28] [29] [30] and the correlation consistent composite approach (ccCA) methods (cc-CA-S3, ccCA-P, ccCA-S4). [31] [32] [33] [34] DeYonker et al. 31 have shown that the ccCA method delivers improvements over the more commonly used Gn and Wn series of methods, since the ccCA method does not use empirical parameters, in contrast to the Gn methods and is less computationally demanding than the Wn methods. The Gn methods introduce higher-level corrections (HLCs), fitted parameters that are functions of the number of alpha and beta electrons in the system of interest. The total energy corrections from the HLCs can cause a deterioration in the accuracy of the calculated final energies since the magnitude of the HLC corrections increases with system size. 4 The Wn methods include coupled cluster (CC) levels as high as five-particle cluster operators (CCSDTQ5), making the methods computationally very intensive and therefore difficult to apply to molecules with more than a small number of atoms. The ccCA method makes use of correlation consistent basis sets [35] [36] [37] [38] that converge systematically to the CBS limit by using an extrapolation scheme. 31 The ccCA method is computationally more efficient than the Wn methods, since the highest level of theory employed for the ccCA-S4 (Ref. 31 ) method is coupled cluster with singles, doubles, and perturbative triples (CCSD(T) 39 ). In the ccCA-S4 method, energy corrections account for Douglas-Kroll scalar relativistic effects, core-valence corrections, and CBS two-point extrapolation. 31 The ccCA-S4 method will be discussed in more detail below.
The composite methods mentioned above are all based on single-reference (SR) levels of theory. There are some composite methods that explicitly include multi-reference (MR) levels of theory, including the MR versions of the Gn methods, 40 the MR W1CAS and W2CAS methods, 41 and the MR-ccCA methods. [42] [43] [44] A disadvantage of using explicitly MR methods is that active spaces can be difficult to choose, and MR methods based on the complete-active-space reference spaces scale exponentially with the size of the system.
The left eigenstate completely renormalized coupled cluster singles, doubles and non-iterative triples (CR-CC(2,3)) approach has been shown to accurately treat single bond breaking and bond formation, as well as chemical reaction profiles involving closed-shell, radical, and diradical species at a computational cost similar to that of CCSD(T). 45, 46 Therefore, the SR CR-CC(2,3) method can account for the MR nature of many chemically important systems and can also potentially be incorporated into a composite method to provide accurate treatments of chemical reaction profiles and at least some diradical species. In this paper, both experimental results and the original ccCA-S4 method are employed as calibrations to assess the CR-CC(2,3)-based modification of the method. The new ccCA-CC(2,3) method has been implemented in the GAMESS (general atomic and molecular electronic structure system) 48 computational package, using the spin-free, RHF-based CR-CC(2,3) routines for closed shells described in Ref. 45 and the spin-integrated, ROHF-based CR-CC(2,3) routines for open shells described in Ref. 46 . A spin-restricted RHF/ROHF-based ccCA-S4 method, in which the closed-shell calculations are performed with the help of the spin-free CCSD(T) routines described in Ref. 47 and in which the open-shell calculations rely on the ROHF-based CR-CC(2,3) codes, 46 has also been implemented in GAMESS. The aim of the ccCA-CC(2,3) method is to provide thermodynamic properties for closed-shell species and diradicals, as well as for open-shell systems, with an accuracy that is close to the chemical accuracy (±1.0 kcal/mol mean absolute deviation) provided by the ccCA-S4 method, if systems under consideration do not include diradical and other MR species. The ccCA-S4 and ccCA-CC(2,3) methods are compared using the G2/97 set of 148 molecules, 5, 49 and by examining the thermal pericyclic rearrangement of bicyclo[1.1.0]butane (bicbut) to trans-buta-1,3-diene, which contains a disrotatory transition state that is a diradical species. The isomerization of bicyclo[1.1.0]butane (bicbut) to transbuta-1,3-diene presents a good test for the viability of the ccCA-CC(2,3) method, since it is generally difficult to obtain a highly accurate description of the experimentally accessible conrotatory pathway that characterizes this rearrangement reaction, while the higher energy disrotatory pathway is poorly described by conventional SR approaches, such as CCSD(T). 50 A viable composite method should predict that the conrotatory transition state is favored, and the ability of the ccCA-CC(2,3) approach to do this is examined in the present study.
In the present work, the following ccCA calculations are presented:
(1) The GAMESS RHF-/ROHF-based ccCA-S4 (GROS4) method, in which closed-shell calculations use CCSD (T) and open-shell calculations use CR-CC(2,3), is compared with unpublished RHF-/ROHF-based ccCA-S4 (uROS4) data, employing CCSD(T) for closed and open shells, and experimental heats of formation for the G2/97 set. (2) The ccCA-CC(2,3) method, also abbreviated as GROS4-CC(2,3), is calibrated against the uROS4 and experimental heats of formation data. (3) The ccCA-S4 and ccCA-CC(2,3) methods are compared for the structures and relative energies along the thermal pericyclic rearrangement reaction pathways.
The heats of formation results from the calibrations among GROS4, GROS4-CC(2,3), and uROS4 are expected to be similar for each species. However, mean absolute deviation (MAD) values will determine the ultimate accuracy for each ccCA calculation of GROS4, GROS4-CC(2,3), uROS4, and also experimental values.
II. THEORY AND COMPUTATIONAL DETAILS
A. Description of ccCA theories
ccCA-S4 method
The ccCA-S4 (Refs. 31 and 32) method makes use of second-order Møller-Plesset perturbation theory (MP2), 51 density functional theory (DFT) using the B3LYP functional, 52 and CCSD(T). 39 The notation "E(A/B)" indicates an energy calculation using method "A" with the basis set "B." The basis sets used in the method are primarily the correlation consistent cc-pVXZ 36, 38 and aug-cc-pVXZ 53, 54 basis sets. The 6-31G(2df,p) Pople basis set 55 is used for geometry optimizations. 31, 32 Scalar relativistic effects are accounted for with the second-order Douglas-Kroll-Hess (DK)-derived correlation consistent basis sets, cc-pVXZ-DK; [56] [57] [58] core valence (CV) correlation effects are included using the aug-cc-pCVXZ 53, 54, 59 basis sets. Energy and structure optimizations, and semi-numerical (finite differencing of analytic first derivatives) Hessian calculations are prepared using B3LYP/6-31G(2df,p) with Cartesian Gaussian functions (6d, 10f ). 60, 61 All other calculations are single point energy calculations which make use of spherical Gaussian functions (5d, 7f ). The following shorthand notation is used:
The final ccCA-S4 energy at 0 K (E(ccCA-S4)) is
In Eq. (1), E(SR-MP2), E(CC), and E(CV) are, respectively, the corrections (assumed to be additive) for Douglas-Kroll, the coupled cluster contributions beyond MP2, and the core and core-valence correlation effects. ZPE refers to the scaled (0.9854) zero point vibrational energy correction. 55 The ccCA-S4 energy at 298 K (E(ccCA-S4, 298 K)) is
In Eq. (2), ETH represents the thermal energy correction at 298 K. The scaled ZPE and ETH thermodynamic energy term values are obtained from the GAMESS Hessian calculation.
E(MP2/CBS) is the energy resulting from the twopoint complete basis set extrapolation of E(MP2/AVQZ) and E(MP2/AVTZ) based on the equation
(13) The calibration comparisons, presented in the following paragraphs, compare the GAMESS RHF-/ROHF-based ccCA-S4 (GROS4) and ccCA-CC(2,3) predictions, where GROS4 uses RHF-based CCSD(T) for closed shells and ROHF-based CR-CC (2, 3) for open shells and ccCA-CC(2,3) employs the restricted CR-CC(2,3) approach for both closed and open shells, with those from the unpublished RHF-/ROHF-based ccCA-S4 (uROS4) calculations, in which CCSD(T) is utilized throughout, and experimental heats of formation. These comparisons employ the 298 K heats of formation from the ccCA-S4 and ccCA-CC(2,3) methods. The ccCA-S4 and ccCA-CC(2,3) methods are also used to obtain the relative energies of structures along the thermal pericyclic rearrangement reaction pathway described below.
B. Thermal pericyclic rearrangement calculations
The thermal pericyclic rearrangement follows two pathways: a disrotatory pathway and a conrotatory pathway. Each of the pathways, as shown in Figure 1 , contains five species, four of which are the same for both pathways. The one species that differs is the initial transition state structure. The initial transition state is either of the conrotatory type (for a conrotatory pathway) or of the disrotatory type (for a disrotatory pathway). These pericyclic rearrangement pathways are parts of concerted mechanisms in which the conrotatory pathway appears to be favored. 50, [65] [66] [67] [68] [69] [70] All six species in the two reaction paths are illustrated in Figure 1 , with the following shorthand notation in parentheses: bicyclo[1.1.0]butane (bicbut) reactant, two transition states (disrotatory transition state (dis_TS) and conrotatory transition state (con_TS)), gauche-buta-1,3-diene (g-but) local minimum, gauche transition state (gt_TS), and trans-buta-1,3-diene final product (t-but).
The energies of all six structures were determined using the ccCA-S4 and ccCA-CC(2,3) methods implemented in GAMESS, as described above. Structures for each of the species in the pericyclic rearrangement, as well as the corresponding zero-point vibrational energies, were taken from supporting material provided in a previous paper. 50 These structures and zero-point energies were obtained using the complete active space self-consistent field (CASSCF) approach, 71, 72 employing 10 active orbitals and 10 active electrons, and referred to as CASSCF (10, 10) . These CASSCF(10,10)-based geometries replace the prescribed B3LYP/6-31G(2df,p)-based geometries in the ccCA-S4 and ccCA-CC(2,3) methods, since it is established in Ref. 50 that B3LYP-based geometries are insufficient for describing the pericyclic rearrangement.
III. RESULTS AND DISCUSSION

A. ccCA-S4 and ccCA-CC(2,3) calibration and comparisons
Tables I-IV list 298 K heats of formation for the ccCA-S4 and ccCA-CC(2,3) methods and compare their values with those obtained from experiment (expt.), as well as unpublished RHF-/ROHF-based ccCA-S4 (uROS4) results. The mean absolute deviations are included in these tables.
In Table I , for the G2-1 set (the first 55 species of the G2/97 set) the MAD between ccCA-S4 in GAMESS (GROS4) and experiment is 0.8 kcal/mol; that between GROS4 and uROS4 is 0.5 kcal/mol; and that between uROS4 and experiment is 0.8 kcal/mol. So, for the G2-1 set, the ccCA-S4 method is consistent with uROS4 data. In general, a measure of good chemical accuracy is a MAD value less than 1.0 kcal/mol. Since the CR-CC(2,3) coupled cluster method is used as a substitute for CCSD(T) in the GROS4 implementation of ccCA-S4 for open-shell species, the agreement between GROS4 and its uROS4 counterpart which relies on CCSD(T) for both closed and open shells shown in Table I is encouraging. In order to directly compare CCSD(T)-based results, the singlet species MAD values for the G2-1 set are also presented in Table I . For the ccCA-S4 method, the G2-1 singlet species MAD between GROS4 and experiment is 0.6 kcal/mol; that between GROS4 and uROS4 is 0.4 kcal/mol; and that between uROS4 and experiment is 0.8 kcal/mol. These MAD values for the G2-1 singlet species indicate that the GROS4 method does provide heats of formation that are within chemical accuracy, overall. Table II contains a similar comparison to Table I for the G2-2 set, which represents the remaining 97 species in the full G2 set. For ccCA-S4, the MAD value for the G2-2 set between GROS4 and experiment is 1.1 kcal/mol; that between GROS4 and uROS4 is 0.8 kcal/mol; and that between uROS4 and experiment is 0.8 kcal/mol. The higher MAD values are a reflection of larger errors in the both the singlets and non-singlets in the G2-2 set. For example, the MAD values between GROS4 and experiment for just the G2-2 singlet species is 1.1 kcal/mol, an increase of 0.5 kcal/mol relative to the G2-1 set, while the MAD value for the G2-2 non-singlet species is 1.5 kcal/mol. Overall, for the entire G2/97 set (G2-1 + G2-2) the MAD between GROS4 and experiment is 1.0 kcal/mol; that between GROS4 and uROS4 is 0.7 kcal/mol; and that between uROS4 and experiment is 0.8 kcal/mol, all within chemical accuracy. For ccCA-S4, the small changes in MAD errors between GROS4 and uROS4 for all G2/97 species (0.2 kcal/mol) and for only the G2/97 singlet species (0.1 kcal/mol) indicate that using the ROHFbased CR-CC(2,3) approach is an acceptable substitution for using the ROCCSD(T) method. The maximum (MAX) error between GROS4 and experiment for all species in the G2/97 set is 4.6 kcal/mol, which is only 0.4 kcal/mol greater than the corresponding MAX error between uROS4 and experiment. The MAX error between GROS4 and uROS4 for all species in the G2/97 set is lower at a value of 3.2. The small MAX errors also indicate, together with the small MAD errors, that the GAMESS ccCA-S4 method provides acceptable results.
In Table III , for all species in the G2-1 set using the ccCA-CC(2,3) method, in which CR-CC(2,3) is consistently used for closed-as well as for open-shell species (designated in Table III as GROS4-CC(2,3)), the MAD between the GROS4-CC(2,3) data and experiment is 0.9 kcal/mol (0.1 kcal/mol greater than the MAD from ccCA-S4); that between GROS4-CC(2,3) and uROS4 is 0.9 kcal/mol; and that between uROS4 and experiment is 0.8 kcal/mol. For only singlet species, the MAD between GROS4-CC(2,3) and experiment is 0.9 kcal/mol (0.3 kcal/mol greater than the ccCA-S4 MAD); that between GROS4-CC(2,3) and uROS4 is 1.0 kcal/mol; and that between uROS4 and experiment is 0.8 kcal/mol, all within chemical accuracy.
The ccCA-CC(2,3) MAD value for the G2-2 set (Table IV) , comparing GROS4-CC(2,3) with experiment, is 2.2 kcal/mol; that between GROS4-CC(2,3) and uROS4 is 2.2 kcal/mol; and that between uROS4 and experiment is 0.8 kcal/mol. The higher MAD values are a reflection of larger errors for both the singlets and non-singlets in the G2-2 set, as shown above for ccCA-S4. For example, for ccCA-CC(2,3), the MAD value relative to experiment for the G2-2 TABLE I. ccCA-S4 heats of formation and MAD a values (kcal/mol) for the G2-1 set compared with experiment (expt.), GROS4, and uROS4. The MAD values are reported between each of the three data sets as explained in the text. The five consecutive MAD labels at the end of the table are, respectively, the MAD for all species in the G2-2 set, the MAD for all singlet species in the G2-2 set, the MAD for all species in the G2/97 set, the MAD for all singlet species in the G2/97 set, and the MAD for non-singlet species in the G2-2 set. The maximum (MAX) error is given for all species in the G2/97 set.
singlet species is 2.4 kcal/mol, which is an increase of 1.5 kcal/mol in MAD error from the ccCA-CC(2,3) G2-1 set values, and reflects the more complex structures that are considered in the G2-2 set. On the other hand, the MAD between GROS4-CC(2,3) and experiment, for the G2-2 non-singlet species is 0.9 kcal/mol. This is an improvement over the ccCA-S4 G2-2 non-singlet species by 0.6 kcal/mol. Overall, Table IV indicates that for ccCA-CC(2,3) the G2/97 set MAD between GROS4-CC(2,3) and experiment is 1.7 kcal/mol; that between GROS4-CC(2,3) and uROS4 is 1.7 kcal/mol; and that between uROS4 and experiment is 0.8 kcal/mol. The ccCA-CC(2,3) method improves on the predicted heats of formation of the doublet species, for example, for NO 2 the absolute difference from experiment for the ccCA-S4 heats of formation is 4.0 kcal/mol vs. 1.7 kcal/mol for ccCA-CC(2,3). For (CH 3 ) 3 C, the analogous improvement is 2.4 kcal/mol (ccCA-S4) to 0.5 kcal/mol (ccCA-CC (2,3) ).
The MAX error for all species in the G2/97 set between GROS4-CC(2,3) and experiment increased by 2.6 kcal/mol compared to the same MAX error between CC(2,3) heats of formation and MAD a values (kcal/mol) of the G2-1 set from experiment (expt.), GROS4-CC(2,3) , and uROS4. CC(2,3) heats of formation and MAD a values (kcal/mol) of the G2-2 set from experiment (expt.), GROS4-CC (2,3) , and uROS4. The MAD values are reported between each of the three data sets as explained in the text. The five consecutive MAD labels at the end of the table are, respectively, the MAD for all species in the G2-2 set, the MAD for all singlet species in the G2-2 set, the MAD for all species in the G2/97 set, the MAD for all singlet species in the G2/97 set, and the MAD for non-singlet species in the G2-2 set. The maximum (MAX) error is given for all species in the G2/97 set.
GROS4 and experiment. Also, the MAX error for all species in the G2/97 set between GROS4-CC(2,3) and uROS4 increased by 3.3 kcal/mol compared to that between GROS4 and uROS4. The discussion below discusses these acceptable increases. GROS4 and uROS4 may appear to be the same for certain closed-shell species, but this does not imply that the energies of atomization will be the same. For example, if a closed-shell species AB dissociates into open-shell A and B fragments, the GROS4 energy is calculated using CCSD(T)/RHF for AB and CR-CC(2,3)/ROHF for A and B. The analogous uROS4 energy uses CCSD(T)/RHF for AB and CCSD(T)/UHF for A and B. So, the energies of atomization will be different despite the fact that the total energy of AB may be the same in both calculations. Similarly, the fact that GROS4 and GROS4-CC(2,3) may be the same for open shells does not mean that the atomization energies are the same, since one of the dissociation fragments could be a closed shell (so that GROS4 would use CCSD(T)/RHF and GROS4-CC(2,3) would use CR-CC(2,3)/RHF for this fragment). Only if the molecule and fragments are all open shells, should GROS4 and GROS4-CC(2,3) be expected to give the same atomization energy, since all species involved in atomization are treated by CR-CC(2,3)/ROHF (see, e.g., NH 2 in Table III Figure 2 illustrates the potential energy curves for the pericyclic rearrangement. The only available experimental data are for the conrotatory transition state and the trans-buta-1,3-diene final product. The activation energy barrier for the isomerization of bicyclo[1.1.0]butane into buta-1,3-diene is 40.6 ± 2.5 kcal/mol at 0 K, 73 and since this isomerization is a conrotatory process, the activation energy corresponds to the conrotatory transition state. The trans-buta-1,3-diene final product has a heat of reaction that is estimated to be −25.9 ± 0.4 kcal/mol at 298 K. 74 Thus, only the conrotatory transition state and trans-buta-1,3-diene final product energies can be compared to experimental data. This lack of experimental data for the pericyclic rearrangement pathway also emphasizes the need for the development of quantitatively reliable methods to predict the energies along reaction pathways that contain diradical species. It is, therefore, gratifying that all conrotatory activation energies and the net reaction energy predicted by ccCA-S4 and ccCA-CC(2,3) agree to within 1-2 kcal/mol with the experimental values (see Figure 2 and Table V) .
B. Pericyclic rearrangement
A simple measure of the percent diradical character in a wavefunction is (2 − n H ) × 100, where n H is the occupation number of the natural orbital corresponding to the highest occupied molecular orbital. In this work, n H was obtained from the CASSCF(10,10)/cc-pVDZ wavefunction. 50 The percent diradical character for each of the relevant species in the pericyclic reaction mechanism is listed in Table V . One advantage of the CR-CC(2,3) method is that, unlike traditional coupled cluster approaches, such as CCSD(T), CR-CC(2,3) can correctly account for significant diradical character. This capability of the CR-CC(2,3) approach is relevant in the current context, since the various species listed in Table V have dramatically different amounts of diradical character. So, for any method to be successful for this system, it must be able to account correctly for diradical character that varies a great deal along the reaction potential energy surface. For example, the diradical character in the conrotatory vs. the disrotatory transition state is 24% vs. 90%, while the diradical character in the local minimum energy structures is less than 10%. As may be seen in Table V , this leads to large differences in predicted relative energies between CR-CC(2,3) and CCSD(T), with CCSD(T) placing the disrotatory transition state below the conrotatory one, contradicting the well-established experimental data 65, 66 and MR-(Refs. 50, 67, and 69) or MR-based quantum Monte Carlo 70 calculations. The agreement between these two levels of theory is much better for the conrotatory than for the disrotatory transition state due to the smaller diradical character in the former than in the latter. The above accuracy patterns characterizing the restricted CR-CC(2,3) and CCSD(T) methods propagate into the corresponding CR-CC(2,3)-based ccCA-CC(2,3) and CCSD(T)-based ccCA-S4 calculations, where only the former ccCA scheme provides the correct energy ordering of both isomerization pathways.
The ccCA-S4 and ccCA-CC(2,3) values of the reaction heat at 298 K were also calculated in order to compare with the available experimental reaction enthalpy, which is, as mentioned above, −25.9 ± 0.4 kcal/mol at 298 K. 74 The ccCA-S4 and ccCA-CC(2,3) approaches give −26.7 kcal/mol and −26.6 kcal/mol, respectively, using the TABLE V. Electronic energies corrected for zero-point vibrational energies, i.e., enthalpies at 0 K a (kcal/mol), characterizing the con_TS and dis_TS transition states, g-but intermediate, gt_TS transition state, and t-but final product at several levels of theory. All energies are relative to bicbut reactant. 
